Introduction
Polymorphonuclear leukocytes (PMN), the first line of defense against invading microorganisms, are highly motile cells, which also produce toxic oxygen metabolites such as superoxide and hydrogen peroxide and release granular enzymes that kill bacteria, fungi, and parasites (1) (2) (3) . The intracellular mechanisms modulating and synchronizing these various PMN functions are largely unknown.
There is increasing evidence that the intracellular concentration of ionized Ca may play a crucial role in modulating the activity of PMN, for example, the stimulation of the cell by Ca2" ionophores (4) (5) (6) (7) and the inhibition of cell function by Ca2" antagonists (8-1 1). Intracellular Ca-binding proteins such as gelsolin and calmodulin seem to be implicated in the regulation of PMN movement and metabolism. Therefore, it becomes important to understand how phagocytes are capable of controlling their levels of intracellular Ca. In particular, Ca movements across the plasma membrane could be of great physiologic importance, since membrane receptor activation immediately generates a series of events, including changes in cytosolic free Ca concentration (14) (15) (16) .
By using a plasma membrane-enriched fraction that contains a subpopulation of inside-out vesicles, we demonstrated that PMN have a calcium transport system that pumps Ca from the cytoplasm to the external surface of the membrane. A detailed examination of this energy-dependent Ca pump forms the basis of this report.
Preparation of neutrophil plasma membrane-enriched vesicles (podosomes). Plasma membrane-enriched vesicles were prepared as described previously (20, 21) . The preparation, which is virtually free of organelles, is a mixture of right-side-out and inside-out "blebs." Both human peripheral or guinea pig exudate PMN were used. PMN (2 X 10' in 5 ml) were incubated at 37°C in glass conical centrifuge tubes in the presence of 1 gg/ml of PMA in PBS with glucose for 5 min. After incubation, the suspension was placed in a sonication bath at 37°C for 8-10 s, then placed in an ice bath. The samples were centrifuged at 250 g for 10 min to allow the residual cell bodies to sediment. The resulting cloudy supernatant was centrifuged at 10,000 g for 10 min. The pump of podosomes prepared in the presence of this phorbol ester, because PMA activates the NADPH-dependent superoxide generating system (22). This would allow the simultaneous study of both the Ca transport and superoxide generating systems.
The Ca transport activity of human podosomes was more labile than that obtained from guinea pig neutrophils. The activity of human podosomes stored at 00C decreased rapidly to~-30% after 2 h in contrast to guinea pig podosomes where the activity was stable 2 h after preparation. When the sonication of human PMN was performed in the presence of PMSF (5 mM) and catalase (10,000 U/ml), loss of activity was decreased.
To obtain an estimate of the proportion of inside-out vesicles in podosomes, we measured the activity of 5'-nucleotidase, an ectoenzyme of guinea pig neutrophils, in this fraction, in the absence and presence of0. 1 % Triton X-100. The proportion ofinside-out vesicles was calculated as described for erythrocytes (23, 24) :
% Inside-out vesicles = _ normal X 100.
Triton X-lIO0j
Preparation of phagocytic vesicles. This technique, described in detail elsewhere (25) , is outlined briefly below. Diisododecylphthalate (1 ml) (practical grade; Matheson, Coleman and Bell, E. Rutherford, NJ) was added to 3 ml of medium containing lipopolysaccharide B from Escherichia coli 026: B6 at a final concentration of 10 mg/ml, and the suspension was sonicated for 90 s to form oil droplets coated with lipopolysaccharide.
Lipopolysaccharide particles were incubated with fresh or freshly thawed guinea pig serum for 20 min at 370C, during which time an opsonic fragment of the third component of complement interacts with them (opsonized particles) (26) . Cells were suspended in Krebs-Ringer's phosphate medium (130 mM NaCl, 4 mM KCI, 1.3 mM MgCl2, 1 mM CaCI2, 10 mM sodium phosphate buffer, pH 7.4) and warmed to 37°C. Suspensions of opsonized particles (20%, vol/vol) and cells (5%, vol/ vol) were mixed and agitated gently in a shaking bath at 37°C for 5 min.
The cells were incubated with 5 mM DFP for 5 min at 0°C to inhibit serine proteases (27) . The cells which had ingested opsonized particles were washed once in cold 0.15 M NaCl, suspended in deionized ice-cold water, and immediately centrifuged at 4°C. Exposure to water caused the cells to swell but not to rupture, and rendered subsequent homogeneization easier to perform.
The cell pellets were suspended in an equal volume of ice-cold 0.34 M sucrose containing 5 mM EGTA, 5 mM dithiothreitol, 30 mM imidazole-HCI buffer, pH 7.4, and several protease inhibitors, including I mM PMSF, 0.25 mg/ml of a-l-antitrypsin, and 0.25 mg/ml of SBTI.
The cells were homogenized in this medium in a 5-ml Dounce homogenizer with a tight-fitting pestle. Progressive cell rupture was assessed by determining the percentage of intact cells by phase-contrast microscopy. About Special procedures. To detect inhibition of Ca transport by vanadium, pCMBS, NEM, azide, and trypsin, the vesicles were treated as follows. Podosomes were incubated for 10 min at room temperature and for 5 min at 37°C with the appropriate concentrations of vanadate. Ca uptake was started with the addition of 2.5 mM ATP.
Podosomes or whole PMN were incubated at 0°C for 30 min with 50 ,uM pCMBS and washed before further processing. For NEM inhibition the following procedure was carried out (31): Podosomes were preincubated 1 h at 0°C with 5 mM NEM, before performing the Ca uptake.
Ruthenium red was added to a standard medium without sodium azide at the same time as podosomes. The effect of sodium azide was studied by comparing Ca uptake performed in the presence and absence of sodium azide in the standard medium. Trifluoroperazine was added 2 min before starting Ca uptake with Mg ATP. The trypsinization procedure was performed as previously described (17) : Prewarmed trypsin stock solution was added to make a final concentration of 1 mg/ml to a suspension of podosomes, after 5 min at 370C, SBTI was added to a final concentration of 1 mg/ml.
Protein was determined by the method of Lowry by using bovine serum albumin as a standard (32) .
Calmodulin activation of calcium uptake into podosomes. These experiments were performed with podosomes suspended in 250 mM sucrose, 30 mM imidazole buffer, pH 7, and incubated for 5 min at 0C with 1 mM DFP and 2 mM EGTA. The podosomes were then washed in the sucrose-imidazole buffer (10,000 g, 10 min), resuspended in the sucrose-imidazole with 1 mM EGTA but without DFP. They were centrifuged again (10,000 g, 10 min), resuspended in the sucroseimidazole buffer, and kept at 0C until used. The aim of these two EGTA washes was to remove calmodulin bound to inside-out vesicles (33, 34 
Results
Uptake of calcium by podosomes. Fig. I shows a time course of Ca uptake by podosomes obtained from guinea pig PMN. To understand the following results, it is important to note that in our study only inside-out membranes were active (as demonstrated below), and that calcium was therefore pumped into the vesicles (called "uptake"), as opposed to the situation in intact PMN, where Ca is extruded from the cytoplasm into the extracellular medium. In the absence of ATP or MgCl2, -0.5 nmol Ca/mg protein became associated with the podosomes in 10- of the incubation medium was 7.0, and Ca uptake decreased by 50% at pH 6.6 and 7.6 (Fig. 2 C) . The affinity of the Ca uptake activity for ATP was determined, as shown in Fig. 2 Fig. 4 . 50% inhibition of Ca uptake was obtained with -1.5 M vanadate, and 85% (maximal) inhibition with -15 ,uM.
As shown in Table I , incubation of podosomes with NEM totally abolished Ca uptake, whereas ouabain, sodium azide, and ruthenium red had no effect. The absence of inhibition by azide and ruthenium red (Table I ) excludes a mitochondrial contamination of our preparation. Trifluoperazine (30 ,M) resulted in 50% reduction of the Ca uptake. When 100 mM KCl was substituted by 100 mM NaCl in the standard medium, Ca uptake was not modified (Fig. 5 ). The addition of 80 mM NaCl or 80 mM KCI to a standard reaction medium did not affect significantly the time course of Ca uptake. Figure 3 . Rate of calcium uptake by podosomes at various free calcium concentrations. The incubation medium is described in the legend of Fig. 1 (Fig. 6 ). Higher calmodulin concentration (60 ,gg/ml) did not produce any further increase of Ca uptake (not shown). Addition ofthe ionophore A23 187 released accumulated Ca and Ca content returned to basal levels in all groups.
The stimulatory effect of calmodulin was more evident in the presence of submicromolar free Ca concentrations (Fig. 7) . Fig. 7 shows the effect of various Ca concentrations on Ca uptake by EGTA-washed podosomes in the presence or absence of extrinsic calmodulin. The affinity constants of the Ca pump Figure 5 . Time course of calcium uptake. Effects of NaCl substitution for KCI in standard medium and of the addition of 80 mM KC1 or NaCI to KC1 plus imidazole medium. Ca uptake was measured under the same conditions as in Fig. 1, using Calcium uptakce by human podosomes. Human podosomes displayed a Ca transport similar to guinea pig podosomes. The uptake of Ca was dependent on the presence of Mg and ATP with a similar affinity constant for Ca but with a lower specific activity (Table II) . Ionophore A23 187 (5 MM) released Ca from loaded podosomes until basal levels were achieved. The Ca pump activity persisted longer in the presence of ammonium oxalate, ADP promoted~30% of the activity, measured in the presence of ATP, whereas UTP, CTP, and GTP were inactive. The system was not inhibited by azide or ruthenium red. The activity was abolished by preincubation of podosomes in NEM or trypsin under similar conditions as described for guinea pig podosomes (Table II) . Arrangement of the calcium pump system in the plasma membrane of neutrophils. To obtain an estimate of the percentage of inside-out vesicles in our preparation of podosomes, 5Y-nucleotidase activity, an ectoenzyme of guinea pig granulocytes, was measured in the presence and absence of Triton X-100. The calculated proportion of inside-out vesicles in the podosomes preparation was 40±5% (average±SD of triplicate determinations in three different preparations).
We were also able to demonstrate a Ca pump activity in phagocytic vesicles, i.e., a homogenous population of insideout plasma membrane vesicles from guinea pig PMN. This activity was Mg-and ATP-dependent and pumped Ca at a rate of 0.7 nmol Ca/mg protein per min in standard medium containing 25 MM Ca. Ca uptake was abolished by pretreating the vesicles with trypsin and pCMBS (Table III) . Inactivation of Ca uptake was also observed when podosomes were pretreated with pCMBS and trypsin. By contrast, no effect was seen when whole cells were treated with trypsin or pCMBS before preparation of podosomes. These results are consistent with an asymetrical structure of the Ca pump across the plasma membrane: a proteic moiety and sulfhydric component being exposed at the cytoplasmic surface.
Discussion
The present findings demonstrate the presence of an energydependent Ca pump in the plasma membrane of neutrophils, capable of transporting Ca against an electrochemical gradient from the inside of the cell into the extracellular medium. This active transport is an important attribute of plasma membrane ATPases, which have to displace Ca across a 10,000-fold gradient (35). The physiological importance of the Ca pump described is suggested by its optimal activity at free Ca concentrations (37- 39). The large number of nonspecific ATPases and kinases present in these cells, however, has precluded the establishment of a correlation of these activities with Ca transport. A Ca pump in phagocytic vesicles of rabbit neutrophils has recently been described (40 In our system, the maximal Ca uptake activity occurred at pH 7, which is the presumed cytosolic pH in resting neutrophils. The pump was active at low ATP concentrations (Km, 67 MM), indicating that this nucleotide is not a regulator of the pump under physiologic conditions. The nucleotide specificity was similar to that described for the Ca pump of the macrophage plasma membrane, where only ATP was effective, with ADP promoting only partial Ca uptake (17) .
Low concentrations of vanadate, such as those used in this study, have proven to be a useful tool for the inhibition of the Ca-ATPase activity of plasma membrane vesicles (44) . It has been used in heart tissue to distinguish plasma membrane activity from that of contaminating sarcoplasmic reticulum vesicles (41) . Recently, Varecka and Carafoli (45), using 0.5 mM vanadate, have shown a decreased 45Ca efflux from erythrocytes and suggested that this compound led to high levels of intracellular Ca by Ca-ATPase inhibition.
In addition to the Ca transport mediated by the ATPases, several plasma membranes also possess a Na/Ca exchange system. Experiments performed in NaCl-containing medium, or the addition of NaCl to KCl-containing medium after several minutes of Ca uptake have allowed detection of such exchanges in other systems (46 (41, 53) .
Our present findings allow us to speculate that the Ca pump described could play a major role in the control of movement in the neutrophil. There is indeed extensive experimental evidence that movement in ameboid cells depends on a Ca-dependent gel-sol transformation in the peripheral cytoplasm (12, 54) . Contact of an opsonized particle with specific surface neutrophil receptors presumably raises the cytosolic Ca, creating solation of the peripheral cytoplasm, which in turn allows free access of granules to the plasma membrane, i.e., degranulation and stimulation of the superoxide generating system (55) . Sec- ondary to this Ca rise, Ca pump stimulation by calmodulin binding and other receptor-mediated events, such as pump phosphorylation, may decrease local cytosolic Ca concentrations to levels where gelation occurs, with the formation of a pseudopod that would progressively surround its prey.
Although the exact sequence of calcium changes in the peripheral cytoplasm during phagocytosis remains to be shown, it is very likely that the calcium pump present in the plasma membrane of neutrophils plays an important role in the regulation of intracellular calcium homeostasis of the resting or stimulated neutrophil.
